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Abstract
We have investigated the residual processing of chromatic signals in a subject with unilateral damage to the primary visual
cortex using psychophysical, pupillometric and functional magnetic resonance imaging (fMRI) methods. Of particular interest was
to establish the correlation between the subject’s ability to make use of chromatic signals in the blind hemifield to discriminate
between different coloured targets, the corresponding residual pupil colour responses and the level and location of cortical
activation generated by the same stimuli as revealed by fMRI. The results obtained using the three different experimental
approaches are consistent and suggest that retrograde degeneration of thalamic and retinal chromatic processing mechanisms
caused by damage to the primary visual cortex in man does not abolish completely the ability to process chromatic signals
particularly when large, long-wavelength stimuli are employed. © 1998 Elsevier Science Ltd. All rights reserved.
1. Introduction
In addition to pupil responses to increments in light
flux level on the retina, other components of the pupil
response to visual stimuli have been identified and
isolated. These components have been closely linked
with the processing of distinct stimulus attributes such
as colour [1–4], spatial structure [5–8] and motion
[9,10]. Experiments carried out in patients with dam-
aged central visual pathways typically show that such
pupil responses are either absent or significantly re-
duced when the subject is cortically blind and therefore
cannot see the stimulus attribute of interest [11]. The
existence of a small but significant pupil response trig-
gered by the onset of coherent motion when large
stimuli are employed was demonstrated in a subject
with damaged primary visual cortex (subject GY). For
the stimulus conditions employed to test pupil motion
responses, GY was aware of movement in the blind
hemifield, but unable to see the moving target [10]. The
subject’s residual vision was investigated in earlier stud-
ies and these provide full details of the location and
extent of damage to his left hemisphere [12,13].
In a separate study, using PET imaging [13], and in a
more recent study using fMRI [14], we have also shown
in the same subject that motion signals generated in the
blind hemifield can activate several extrastriate visual
areas and the superior colliculus, even when no direct
geniculostriate input is involved. Such observations are
consistent with the subject’s ability to process motion
signals and to discriminate the direction of fast moving
targets, when the stimulus is confined to the blind
hemifield [12,15]. GY’s residual chromatic discrimina-
tion in the blind hemifield has also been investigated in
the past. GY is unable to see either the stimulus or its
colour in the blind hemifield, but nevertheless when
presented with large chromatic stimuli, he can discrimi-
nate between certain colours even when the luminance
of the stimuli employed is varied randomly [16–18].
The results of these studies suggest that GY’s ability to
process chromatic signals when large stimuli are em-
ployed has not been abolished completely by the ab-
sence of a functioning striate cortex (V1). The
possibility of demonstrating pupil colour responses with
isoluminant chromatic stimuli presented to the blind
hemifield therefore remains, even when GY may not be
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consciously aware of the stimulus or its colour. Our
preliminary studies have shown that large, isoluminant,
chromatic stimuli can generate large constrictions of the
pupil both in normal subjects and in GY’s blind
hemifield [18–20]. Such responses may not however
reflect only the processing of chromatic stimuli since
spatial pooling of rod receptor signals can contribute
significantly to a pupil light reflex response [21,22].
Although the chromatic stimuli employed in our earlier
studies were photopically isoluminant, such stimuli can
generate large rod contrast signals [23]. Preliminary,
unpublished data showed a good correlation between
pupil response amplitude and rod contrast signals for
large, photopically isoluminant stimuli presented in the
periphery of the visual field. These findings suggest that
rod signals can contribute to a pupil light reflex re-
sponse when large stimuli are involved. New stimuli
that employ luminance contrast (LC) and light flux
(LF) masking techniques and eliminate pupil light
reflex response components have been developed and
used to study pupil colour responses in normal vision
[9]. The use of LC and LF masking techniques in GY’s
blind hemifield can eliminate almost completely the
observed pupil responses to achromatic and to most
chromatic stimuli, but not those elicited by long-wave-
length stimuli. The purpose of this study was to investi-
gate the existence of residual pupil colour responses in
GY’s blind hemifield and to establish the correlation
between such responses and the level of stimulus depen-
dent increase of neural activity in the brain.
2. Methods
2.1. Pupillometry
Pupil responses to chromatic and achromatic stimuli
were measured using the P–SCAN apparatus [24]. Pho-
tographs of the coloured stimuli developed to isolate
the detection of chromatic signals and to eliminate a
light reflex response in the periphery of the visual field
are shown as an inset (Fig. 3). The visual stimuli were
designed to ensure that the subject was unable to make
use of luminance contrast signals that drive pupil light
reflex response pathways, particularly rod-generated
signals at the onset of the coloured stimulus. Details of
the luminance contrast and light flux masking tech-
niques employed have been given elsewhere [9]. Lumi-
nance contrast masking results in a new pattern of
checks being generated every 50–100 ms without caus-
ing a change of mean luminance over the pattern. Light
flux masking, on the other hand preserves the lumi-
nance contrast masking employed, but every 50–100
ms the mean light flux level over the stimulus changes
randomly so as to generate randomly varying receptor
signals. The detection by the pupil pathways of a
spatially-pooled, rod signal caused by the onset of the
photopically isoluminant coloured stimulus is therefore
masked by the randomly changing light flux signal. The
visual stimuli were interleaved and pupil response traces
obtained by averaging at least 48 responses for each
stimulus. Detailed description of the parameters em-
ployed are given in the caption to Fig. 1.
2.2. fMRI
Similar visual stimuli based on LC and LF masking
techniques were employed in the fMRI study. A new
system for presenting visual stimuli within the con-
straints of the fMRI scanner was developed [14]. High
resolution computer generated images were projected
onto a screen (made from 0.25 mm styrene sheet) that
Fig. 1. (a, b). Pupil responses to red, green and blue isoluminant
chromatic stimuli in GY’s sighted and blind hemifields with and
without spatiotemporal luminance masking. Examples of the stimuli
employed are shown schematically by the inset in Fig. 3. These were
generated on a 20 in high resolution, colour display (Hewlett Packard
Model D1187A) which was calibrated for both luminance and chro-
maticity co-ordinates using a Gamma Scientific Model DR-2 telespec-
troradiometer. The test pattern was square of 99° and was
surrounded by a uniform background of luminance 24 cd:m 2 and
CIE-(x, y)-chromaticity (0.305, 0.323). The area of the test stimulus
was divided into checks of size 0.70.7°. The luminance of each
check in the array changed randomly every 50–100 ms within a range
specified as a percentage of background luminance. This results in
dynamic luminance contrast (LC) noise, but the mean luminance of
the test pattern remains constant and equal to that of the uniform
background field. Light flux (LF) masking on the other hand causes
the mean luminance of the test stimulus to vary randomly within a
range that is also specified as a percentage of background luminance.
The direction of chromatic displacement of the test stimulus was
specified as an angle measured with respect to the x-axis. The colours
investigated were restricted to chromatic displacement directions of 5°
(red), 96° (green) and 225° (blue). The stimulus was presented some
6° above the horizontal meridian with its centre located some 12°
from fixation, well outside the subject’s spared foveal vision. The
amplitude of chromatic displacement of the stimulus was 0.15 units
and was measured with respect to background chromaticity. The
rectangular pulse trace along the horizontal axis shows the time of
stimulus presentation.
J.L. Barbur et al. : Vision Research 38 (1998) 3447–3453 3449
Fig. 2. (a, b). Effect of LC and LF masking on pupil responses to an
achromatic flash and to a coloured stimulus presented either in the
hemianope’s ‘blind’ or sighted hemifields. The stimulus employed is
illustrated as an inset in Fig. 3. The luminance contrast of the
achromatic test flash was 0.4. In the case of the coloured target, its
chromatic modulation direction was 5° towards the long-wavelength
region of the spectrum locus. The chromatic displacement of the
target with respect to background chromaticity was 0.14 units.
parameters used and the techniques employed for min-
imising the effects of small head movements and for
processing and analysing the statistical significance of
fMRI data sets were given elsewhere [26,27]. Two non-
parametric statistical indices, as well as a minimum
cluster size of activated voxels provided a conservative
statistical threshold for significant fMRI activation that
has an associated PB0.001 [26]. The two indices are
the fundamental power quotient (FPQ) and the maxi-
mum FPQ value. The FPQ parameter represents the
power of the periodic signal change at the (fundamen-
tal) on–off frequency of the coloured stimulus, divided
by its standard error. The minimal values that were
used to determine the threshold for acceptance of an
fMRI signal change were as follows: total FPQ of 10.0;
maximum FPQ of 2.0; cluster size of 4. All parametric
maps that showed a significant difference in signal
strength were registered in the standard space of Ta-
lairach and Tournoux. Activated areas were coloured in
red and overlaid on the high resolution EPI image in
Talairach space [28,27]. The Talairach co-ordinates
given represent the location of maximum signal in the
cluster as shown in Fig. 3.
3. Results
Pupil responses measured to predominantly long
(red), middle (green) and short-wavelength (blue) stim-
uli are shown in Fig. 1(a) for GY’s sighted hemifield.
The effect of LC and LF masking is to decrease the
amplitude of pupil responses in the sighted hemifield
for each of the three colours investigated. Blind
hemifield responses are significantly smaller, as shown
in Fig. 1(b) and the effect of LC and LF masking is to
eliminate the observed pupil responses for blue and
green stimuli, but not for red. A new experiment was
carried out to test the efficacy of the combined LC and
LF techniques in masking pupil light reflex response
components and to examine specifically pupil responses
to red, isoluminant stimuli in GY’s blind hemifield.
Two stimuli were employed, a red and an achromatic
stimulus. Pupil responses measured in the sighted
hemifield are presented in Fig. 2(b) and show that the
combined LC and LF masking can largely eliminate the
pupil response to an achromatic flash, but not that to a
red stimulus. It is worth noting that the pupil response
amplitude with no masking applied is larger for the
achromatic stimulus when compared to the coloured
stimulus. The corresponding data measured with the
target imaged in the blind hemifield are shown in Fig.
2(a). The results were similar to those obtained in the
sighted hemifield in that the combined luminance mask-
ing almost eliminates the response elicited by the achro-
matic flash. On the other hand, the pupil response
elicited by the red stimulus remains quite large. The
approximated well a Lambertian diffuser. The lumi-
nance of the projected images in transmission mode
remained largely unchanged over the viewing angles
involved. A liquid crystal projection system was em-
ployed (Proxima, Model 8300). The projection system
was calibrated for both luminance and chromaticity
co-ordinates using a Gamma Scientific Model DR-2
telespectroradiometer. Any specified luminance and
chromaticity (within the limits imposed by the phos-
phors of the display) was generated using standard
colorimetric transformations [25]. The luminance of the
background field, in transmission mode, as seen by the
subject was 10 cd:m2. Each fMRI experiment lasted for
5 mins and involved acquisition of gradient-echo echo-
planar images from ten slice locations using a 1.5 Tesla
GE Signa system (General Electric). The slice thickness
was 5 mm with 0.5 mm slide gap and an in plane
resolution of 3.1 mm. The system was retrofitted with
advanced NMR hardware and software (ANMR) at
the Maudsley Hospital, London. Random LC and LF
modulation of pattern contrast and mean luminance
was employed throughout each fMRI recording. A
change of chromaticity was added for 30 s after the first
30 s of random luminance modulation and this se-
quence was repeated five times for each recording. The
measurements were restricted to only two stimulus
colours, red and green. The CIE-(x, y) background
chromaticity was (0.305, 0.323) and the chromatic dis-
placement of the target away from background chro-
maticity was 0.15 units. The direction of chromatic
displacement was 5° for the red stimulus and 110° for
the green stimulus (measured anticlockwise with respect
to the x-axis in the CIE-(x, y) diagram). The fMRI
J.L. Barbur et al. : Vision Research 38 (1998) 3447–34533450
Fig. 3. Results of fMRI scans for blind hemifield stimulation are shown for red and green stimuli. Regions of significant activation are shown in
red and detailed position co-ordinates and cerebral location are given in Table 1. The top left section represents a high resolution MR axial section
of GY’s brain and shows the extensive damage to the left hemisphere. The sagittal view immediately below shows the orientation and the position
of the ten slices that are shown on the right for which we collected fMRI data. In all images the left hemisphere is shown on the left. The insets
on the right show the location of the stimulus with respect to fixation (white cross) and the luminance masking employed. A blue flash and an
achromatic flash were also employed for pupil studies.
results of the fMRI experiments are shown in Fig. 3,
together with photographs of the two stimuli employed.
The top left inset shows a high resolution MR axial slice
of GY’s brain and shows the large unilateral damage to
the left hemisphere. The sagittal view, immediately
below, shows the orientation and position of the ten slices
that are shown on the right for which fMRI data were
collected. In all images, the left hemisphere is shown on
the left. The areas of significant activation when the
stimulus was presented to the blind hemifield are listed
in Table 1 for the red and the green stimulus. Similar data
for foveal and sighted hemifield stimulation are given in
Tables 2 and 3. The large difference between the number
of clusters activated for red and green colours with the
stimulus presented in the blind hemifield is immediately
apparent from the axial slices that are shown in Fig. 3.
4. Discussion
Our present findings are consistent with GY’s residual
chromatic discrimination in the blind hemifield as re-
vealed psychophysically in earlier studies. The psycho-
physical tests were based on two-alternative,
forced-choice techniques and showed that GY can dis-
criminate coloured from achromatic stimuli. The design
of the experiments ensured that in order to ‘guess’
correctly the colour of the stimulus, the subject could
only make use of chromatic signals. Sound cues were
used to indicate to the subject two time intervals. During
one interval that was randomly selected, the subject was
presented with one of four possible targets (red, green,
blue and achromatic). For the remaining interval the
target was always achromatic. The luminance of every
target presented was varied randomly from trial to trial.
The subject’s task was to guess which of the two intervals
contained a coloured target and then to name the colour
as either red, green or blue. Several chromatic saturations
for each of the three coloured stimuli were examined. The
results reveal above chance discrimination with the
highest scores always corresponding to red stimuli
[16,18]. Similar findings in GY were also obtained using
a range of narrow band stimuli and different experimen-
tal techniques [17].
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Table 1
Summary of activated clusters caused by blind hemifield stimulation
Blind hemifield (Red)
Total FPQ Tal. X Tal. Y Tal. zCluster size sideMax FPQ B.A. Cerebral region
157.3 46 8 24 L36 216.7 Middle temporal G.
100 38 11 185.7 L25 28 Parahippocamp. G.
57.8 14 6 1316 L4.3 34 Uncus
63.8 35 22 135.8 L15 47 Venrolat. Prefrontal
33.6 3 0 9 L10 –3.9 Corpus striatum
36.9 46 3 294.5 L10 28 Parahippocamp. G.
32.1 43 22 410 L3.5 45 Inferior frontal G.
30 52 36 24.3 R9 47 Ventrolat. Prefrontal
28 49 6 28 L4.4 – Insula
23.6 3 50 23.7 R7 32 Middle frontal lobe
24.3 55 6 187 R3.9 21 Middle temporal G.
23.6 52 0 184 L7 21 Middle temporal G.
20.2 14 6 26 L3.9 – Putamen
19.5 35 0 73.6 L6 – Insula
19.9 3 33 26 L4 – Superior colliculus
16.7 32 6 133.9 L5 34 Uncus
16.3 58 8 2 R5 213.5 Middle temporal G.
14.3 35 14 293.7 L4 38 Ant. Temporal lobe
14.7 46 39 9 R4 464.1 Dorsolat. Prefrontal
12.8 6 3 2 R3.4 –4 Corpus striatum
Blind hemifield (Green)
3.86 20.8 52 42 26 R 40 Supramarginal G.
The study of pupil colour responses in GY’s blind
hemifield was however made more difficult by the need
to use large, peripheral stimuli for which rod-driven,
light reflex responses are no longer negligible. Dynamic
LC and LF masking techniques can be used to elimi-
nate almost completely pupil light reflex response com-
ponents that are driven by increments in light flux [9].
Pupil responses to small, isoluminant chromatic stimuli
presented in the foveal region are largely unaffected by
dynamic LC and LF masking. On the other hand, large
coloured stimuli presented in the periphery of the visual
field in normal vision cause large pupil constrictions
that can be reduced significantly in amplitude, but not
eliminated by using LC and LF masking. These find-
ings suggest that the largely independent processing of
chromatic and achromatic signals observed in other
studies [20,29] is also reflected in the pupil response.
The results obtained in GY’s blind hemifield suggest
that some residual chromatic processing, particularly
for long-wavelength stimuli remains even in the absence
of striate cortex (V1). Some anatomical and electro-
physiological findings in the macaque monkey suggest
that neurones that show either wavelength bias or
opponent responses can be found in subcortical nuclei
[30,31]. Other studies have shown that injection of
horseradish peroxidase into the pulvinar labels different
classes of retinal ganglion cells by means of retrograde
transport. Although the majority of labelled cells are
primate gamma cells, some primate beta cells that
presumably exhibit chromatic opponency were also la-
belled [32]. The pulvinar receives a large projection
from the superior colliculus and sends projections to
other visual cortical areas [33]. In the present study, the
superior colliculus shows significant activation (Fig. 3)
when the red stimulus is employed. The possibility
therefore exists that GY’s residual chromatic discrimi-
nation involves these subcortical nuclei that process and
channel information to other areas of the brain. It is
interesting to note that several areas of the brain that
fall outside the cluster of classical visual areas were also
activated in the red stimulus condition. Some of these
overlap with areas of significant activation demon-
strated in another study when the same subject was
aware of movement in the blind hemifield [14].
The use of LC and LF masking techniques makes the
current fMRI experiments somewhat different. GY re-
ported that he was aware of the dynamic ‘luminance
masking noise’ employed in the blind hemifield
throughout each trial. This is not surprising in view of
GY’s blind hemifield sensitivity for detection of rapid
luminance contrast changes[12] and the band-pass tem-
poral response characteristics of his blind hemifield [34].
The LC and LF masking noise does not however
contribute to an fMRI signal since it is present
throughout the fMRI sequence.
The fMRI results obtained with the stimulus pre-
sented foveally and in the sighted hemifield were some-
what surprising. Some points of activation have been
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Table 2
Foveal (Red)
TotalFPQ Tal.X Tal.y Tal.zMax.FPQ sideClustersize B.A. Cerebral region
13 23 504 313.5 R 7 Precuneus
13.1 6 50 23.6 R4 32 Medial frontal
4 12.73.3 46 17 15 L 44 Inferiour frontal G.
Foveal (Green)
38.4 14 56 15 R10 235.3 Post cingulate G.
25.6 29 0 24.7 R7 — Putamen
14.4 20 42 94 R3.8 29 Retrosplenial cortex (post cingulate)
14.2 55 25 94.2 L4 42 Auditory association
observed, but the number and size of the clusters
involved were relatively small with the exception of an
area in the posterior cingulate gyrus that was activated
by both foveal and sighted hemifield stimulation. The
areas of significant activation are given in Tables 2 and
3. The large amount of visual stimulation generated by
the continuous dynamic changes of luminance contrast
and light flux over the test stimulus may provide a
possible explanation for the much reduced pattern of
colour specific activity observed for foveal and sighted
hemifield stimulation. The signal power at the modula-
tion frequency divided by its standard error (the FPQ
parameter described in the methods) determines largely
the significance of the level of stimulus specific activa-
tion achieved. This parameter may be reduced signifi-
cantly when the dynamic pattern of contrast and
luminance change in the masking stimulus is processed
along the geniculostriate pathway and causes large
changes in neural activity in several areas of the brain.
The reduced clustering of activity for foveal and sighted
hemifield stimulation is consistent with this hypothesis.
The colour specific signal, in this case, may represent
only a small ripple superimposed on a large and noisy
background signal.
5. Summary
In summary, the findings obtained from forced-
choice psychophysical experiments, pupil responses to
chromatic stimuli and stimulus-specific fMRI tests yield
consistent findings. The results suggest that retrograde
degeneration of thalamic and retinal chromatic process-
ing mechanisms as a result of damaged primary visual
cortex in man does not abolish completely the capacity
to process and extract information from some chro-
matic signals particularly when large, long-wavelength
stimuli are employed.
Table 3
Sighted hemified (red)
B.A. Cerebral regionClustersize Tal.ZMax.FPQ sideTotalFPQ Tal.X Tal.y
4 R 1010 Frontal pole4.1 34.3 29 53
Post cingulate G.234 3.5 13.4 3 25 26 R
Sighted hemifield (Green)
L Parahippocamp. G.2810 4.8 1839.3 38 3
7 L 197 3.8 24.1 Prestriate23 58
L —7 4.4 26.2 20 67 13 Cerebellum
19L5 Prestriate4.4 918.1 32 75
R —5 3.8 18.2 0 6 9 Corpus striatum
Cerebellum—L4 4 214.3 3 44
37 R 74 Precuneus3.6 13.7 14 75
FPQ, fundamental power quotient
Tal., Talairach co-ordinate
B.A., Brodmann area
G., gyrus
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